transition). Only one male tank per treatment was maintained; each male tank contained 4 1 fish from each of the three original aquaria per treatment. 2 For spawning purposes, 4 randomly chosen males were paired with each replicate 3 of 8 females from the same treatment. Spawning was conducted once weekly and the 4 exposure was continued until clear effects on reproductive output were noted (see 5 and stored at -80 °C until analyzed); standard length and craniofacial development of 4-1 dpf-larvae were determined at Week 15 (for this purpose, larvae were fixed in 4% 2 paraformaldehyde at 4 °C overnight and stored in 70% ethanol until further processed); 3 egg diameters were measured at Week 16; and whole-body T 4 and T 3 content in the 4 exposed females were determined at Week 16 (fish were snap-frozen in liquid nitrogen 5 and stored at -80 C° until further processing). Larvae and adults were euthanized in a 6 lethal concentration of MS-222 (1 g/l) prior to processing. Embryo and larval rearing 7
were conducted in untreated zebrafish water (28 °C). 8 
9
Thyroid hormone extraction and analysis. Thyroid hormones, T 3 and T 4, were 10 extracted from 2 pooled females per tank replicate; T 3 was extracted from 0.7-2.8 g of 11 PEV per tank replicate; and T 4 was extracted from 0.4-2.2 g of PEV per tank replicate. 12 Extraction procedures were as previously described for whole body of zebrafish (Mukhi 13 et al., 2005) . Samples were homogenized using a Polytron® homogenizer (Glen Mills  14 Inc., Clifton, NJ, USA) in ice-cold methanol [volume in ml = tissue weight (g) were then added to each sample to monitor the recovery of endogenous hormone. 18
Following a 30-min incubation, homogenates were centrifuged and the supernatants were 19 removed, mixed with two volumes of chloroform and back-extracted into an aqueous 20 phase with 2N ammonium hydroxide. The back extraction was repeated two more times. 21
The aqueous fractions were pooled and dried in a Jouan® centrifugal evaporator 22 overnight at 30 °C. The dried samples were reconstituted in 300 µl of barbital buffer 23 (barbital 15.47 g/l, EDTA 0.5 g/l, bovine gamma globulin 1 g/l, thimerosal 1 g/l; pH 8.6) 1 prior to the assay, and the recovery of radiotracer was determined in an aliquot using a 2 Cobra 5005 gamma counter (Packard, Downers Grove, IL, USA). Under these 3 conditions, the average extraction recovery efficiencies for T 3 and T 4 were 64% and 67% 4 for the embryos and 71% and 62% for whole-body homogenates. 5 Thyroid hormones were measured in duplicate 50-μl aliquots of extract following 6 procedures of MacKenzie et al. (1978) . Authentic T 3 or T 4 standards were used for assay 7 calibration and run in duplicate for each concentration. The hormone content of the 8 samples was determined using a four parameter logistic transformation of hatching rates were determined as the number (percent) of the viable embryos that 20 hatched by 3 days post fertilization (dpf; 72 h). Egg diameters were measured in 40-50 21 eggs per tank replicate using an ocular micrometer attached to a stereomicroscope and 22 calibrated against an external (stage) micrometer. As the zebrafish egg is spherical, the 23 diameter was measured randomly on any part of the egg. 1
Standard length and craniofacial development were examined in 15 larvae per 2 replicate reared through hatching until 4 dpf, at which time they were sampled for 3 analysis. Gross developmental deformities were also recorded. Craniofacial development 4
was assessed only in embryos derived from the control and 100-mg/l perchlorate groups. 5
Parameters of craniofacial development examined included head depth at the middle of 6 the eye and lengths of the Meckel's and ceratohyal cartilage complexes (see below). 7
These measurements were also made with an ocular micrometer. Four dpf was chosen for 8 larval analysis because a previous study reported that craniofacial development in 9 zebrafish is sensitive to TH during the embryo-to-larva transition period (3-5 dpf; Liu and 10
Chan, 2002). 11
Whole-mount cartilage staining with Alcian Blue was conducted to facilitate 12 cartilage analysis according to procedures described by Liu and Chan (2002) . Briefly, the 13 larvae preserved in 70% ethanol were dehydrated with series of graded concentrations of 14 ethanol and stained overnight with a 0.1% solution of Alcian Blue dissolved in 80% 15 ethanol/20% glacial acetic acid. The samples were washed with acidic ethanol (80% 16 ethanol/20% glacial acetic acid, then 95% ethanol/5% glacial acetic acid), rehydrated to 17 phosphate buffer saline (PBS), and rinsed twice with PBS. The samples were then 18 consecutively treated with 50 mg trypsin per ml of a saturated sodium tetraborate solution 19 at 4 °C overnight, and with 3% H 2 O 2 for 5 min. The stained samples were washed several 20 times with PBS and preserved in 50% glycerol (in PBS). The Meckel's and ceratohyal 21 cartilage complexes each form a U-or V-shaped structure that can be approximated to an 22 isosceles triangle (Fig. 1 Parameters such as wet-weight of females, PEV, TH content of embryo and whole-body 9 (pool) extracts, hatching rate and fertilization rate are measures of tank performance. 10 Thus, in all these cases, sample size per treatment for statistical analyses is the number of 11 tank replicates (n = 3). Packed-egg volume was measured and analyzed as weekly PEV 12 (2-way ANOVA, treatment x spawning event; followed by 1-way ANOVA for treatment 13 effects within each spawning event) or as cumulative PEV (repeated-measure ANOVA). 14 Wet-weight of females, TH content in mothers and embryos, hatching rates and 15
RESULTS 1
Effect of perchlorate on maternal thyroid histology 2 A qualitative assessment of the thyroid follicles in female zebrafish at the time of 3 separation of the fish into spawning tanks (Week 10) indicated a mild colloid depletion in 4 fish exposed to perchlorate at 10 mg/l (Fig. 2B) , and mild to severe depletion at 100 mg/l 5 (Fig. 2C) . Females from both perchlorate treatment groups exhibited hypertrophic thyroid 6 follicle cells. In addition, some females exposed to perchlorate at 100 mg/l contained 7 follicles that had completely collapsed or lost their follicular structure (Fig. 2D ). Control 8 fish had thyroid follicles full of colloid that contained non-hypertrophic epithelial cells 9 ( Fig. 2A) . 10 
11
Effects of perchlorate on maternal and embryonic thyroid hormone contents 12
Measurements made at Week 16 indicated that whole-body T 4 content, but not T 3 13 content, was greatly reduced in perchlorate-treated females compared to control females 14
(1-way ANOVA, Tukey's HSD, p < 0.05; Fig. 3A ,B). Although there appeared to be a 15 trend for whole-body T 3 content to be lower in perchlorate-treated fish ( Measurements of fertilization and hatching rates at Week 14 indicated that these 22 parameters of gamete and embryo quality were not affected by parental exposure to 23 perchlorate at 10 or 100 mg/l (1-way ANOVA, p > 0.05; shown). Larval length was slightly but significantly increased in progeny from the 100 6 mg/l-treated parents compared to progeny from the control parents (Table 2) . Also, 7
analysis of jaw morphometry indicated that the lengths of Meckel's and ceratohyal 8 cartilage complexes were reduced compared to control larvae (Table 2 ). Cartilage 9 measurements could not be normalized for larval length because these measurements 10
were not recorded for the same individual fish (larvae from each spawn were processed in 11 groups for cartilage staining). However, because mean standard length in the 100-mg/l 12 larvae was longer than in control larvae, cartilage measurements normalized for larval 13 length would only have amplified the difference observed. Parental exposure to 14 perchlorate had no effect on larval head depth (Table 2) . The intensity of colloidal T 4 ring, which may represent the level of TH synthetic activity 7 in thyroid follicles, was inhibited after exposure to perchlorate at levels as low as 11 ppb 8 (Mukhi et al., 2005) . Several of these histological conditions were evident in the 9 perchlorate-treated fish of the present study prior to the onset of the spawning trials, and 10 maternal T 4 content was also affected towards the end of the trials. These observations 11 confirm the effectiveness of perchlorate as disruptor of thyroid function in the adult 12 zebrafish used for the present study. 13
A previous study with adult zebrafish found that exposure to perchlorate at 14 concentrations up to 11 mg/l for 12 weeks had no effect on whole-body T 4 concentration; 15 however, the same study suggested that longer exposure periods may be necessary to 16 alter TH content in this species (Mukhi et al., 2005) . Indeed, the results of the present 17 study showed that exposure to perchlorate at 10 or 100 mg/l for 16 weeks greatly 18 suppressed whole-body T 4 embryos in a pattern similar to that observed in their mothers. Namely, T 4 content was 21 decreased and T 3 content was unchanged in embryos derived from mothers exposed todecline during development of the teleost embryo prior to the onset of endogenous 1 hormone production (e.g., Power et al., 2001 ) and, in zebrafish, endogenous TH 2 production does not begin until after hatching (Wendl et al., 2002) . Because TH 3 concentrations in whole embryos were determined shortly after fertilization (3.5 h), these 4 concentrations are most likely a direct reflection of maternally inherited TH with little or 5 no contribution from embryonic T 4 or T 3 metabolism. Thus, embryos of perchlorate-6 treated zebrafish had suppressed reserves of T 4 at the beginning of their development and 7 may have become hypothyroid (T 3 -deficient) prior to the completion of embryogenesis 8 and hatching. The results of an earlier study with zebrafish indicated that lower jaw 9 development and other aspects of craniofacial development are at least partly regulated 10 by TH during the embryo-to-larva transition (Liu and Chan, 2002). In the present study, 11 4-dpf larvae derived from parents exposed to perchlorate (100 ppm) showed a reduced 12 forward protrusion of the Meckel's cartilage (which forms the lower jaw) and the 13 ceratohyal cartilage (which supports the lower jaw). This observation is consistent with 14 the view that an overall reduction in maternally derived TH (due to maternal exposure to 15 perchlorate) affects the craniofacial development of the F1 progeny during their embryo-16 to-larva transition. However, whereas larval head depth was also reduced in the earlier 17 study (Liu and Chan, 2002), this parameter of craniofacial development was not affected 18 in the present study; this difference in results between the two studies is perhaps due to 19 differences in methodology (embryo-larval treatment versus maternal treatment, 20 respectively). 21
Despite the negative effects on fecundity (see preceding discussion), exposure to 22 perchlorate did not affect egg fertilization and hatching rates in the present study. were increased by maternal exposure to perchlorate in the present study. The reason for 7 these phenomena is uncertain, but it could be related to a physiologically regulated trade-8 off between fecundity and egg size. In mosquitofish, maternal exposure to perchlorate 9 also caused a slight increase in the mass of individual embryos (Park et al., 2006) . 10
In conclusion, prolonged exposure of adult zebrafish to perchlorate impairs their 11 thyroid endocrine system as well as their spawning success, and also influences early Asterisk (*) indicates significant difference from control (nested ANOVA, p < 0.05)
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